Experiments on parallel-channel hydrodynamic stability frequently use one heated channel operating in parallel with an unheated by-pass. This arrangement is designed to simulate the operation of a particular channel in a boiling water reactor; the by-pass providing the essentially constant pressure drop which the remaining channels impose on the channel in question.
INTRODUCTION
THE PHENOMENON of parallel-channel flow instability is of particular concern to designers of boiling water reactors. In such reactors, the coolant normally passes through the reactor core in numerous parallel tubes, which operate between common reservoirs. The fuel is inserted in the coolant tubes, often forming a complex cross-sectional flow geometry.
It is well known that flow instability may be prevented by providing a substantial inlet throttling on the individual coolant channels. Economic incentives, however, demand a more accurate determination of the minimum adequate inlet throttling.
The analytical approach to this problem has been to consider a 'hot channel'. This is a channel which has a
The MS. of this paper was received at the Institution on 2nd April 1969 and accepted for publication on 23rd May 1969. 22 combination of high power and low inlet throttling, making it the most prone to instability. The effect of any dsturbance in flow in this channel is assumed to be distributed amongst the many remaining channels. As all channels operate between common reservoirs, and the flow changes in all other channels are small, a constant pressure drop is imposed across the hot channel. Although in many reactors there may be a small group of hot channels, the same approach applies, and the philosophy of the method is still basically sound.
In approaching the problem experimentally, however, it is not feasible to set up a large number of parallel heated channels, A common approach has been to set up a single heated test section operating in parallel with a large unheated by-pass. If the by-pass ratio, which is defined as the ratio of by-pass flow to test section flow, is very large, fluctuations in test section flow do not significantly affect by-pass flow and again the pressure drop remains essentially constant.
Val 184 Pt 3C To simulate a reactor channel adequately in such an experiment, a simulated reactor channel test section must be used, and high mass fluxes are required. Many experimental loops do not have the capacity to provide sufficient by-pass ratio to keep the pressure drop constant. The problem which then arises is: 'What effect, if any, does the by-pass ratio have on the dynamic behaviour of the heated channel ?' This paper presents an analysis of the effect of the bypass on the stability of flow in the heated channel in the experimental configuration described above. The equations of the analysis have been incorporated in a computer programme. Stability boundaries and oscillation frequencies from the computer programme are compared with results from experiments using a full-scale simulated reactor channel operating in parallel with a by-pass. (1) The total system flow, W,, is constant. The one-dimensional conservation equations for the system may now be written. Noting that d, = d2 and c2 = -cl , this may be simplified to give:
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Formulation and linearization of the equations
.
. . (11.25)
Stability
The stability is governed by the damping term, i.e. the coefficient of s in the denominator: 
R
Examining this it may be seen immediately that the following terms, involving by-pass characteristics, increase [ and are stabilizing:
(1) By-pass inertia Ib.
(2) By-pass friction and restriction loss,
Note that this involves both by-pass ratio, y, and loss coefficient, F,, but these are in fact related. For steady state one can equate flow-dependent pressure drops:
where F', includes channel and feeders, i.e.
That is, for given channel conditions, by-pass ratio can only be changed by changing Fb, the by-pass control valve, Thus
Therefore, an increase in the by-pass resistance stabilizes the system, and it is destabilized by an increase in the by-pass ratio.
On inspection of equation (1 1.26) the normal conclusions regarding the effect of channel and feeder variables on stability are also apparent [see reference (I) ].
Frequency
The effect of by-pass ratio on frequency may also be determined by examining the remaining terms of the characteristic equation.
Coefficient of s2:
Constant term:
where C and TlC represent terms not involving by-pass parameters.
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That is, frequency increases with increased by-pass resistance, or decreased by-pass ratio, and decreases with increased by-pass inertia. The above explains qualitatively the effect of by-pass parameters on stability. To obtain a quantitative assessment, the non-linear equations [equations (1 1.1)-(11.9)] have been included in an existing computer code which solves them using finite difference methods.
T H E COMPUTER CODE
The computer code, POISE, has been described in earlier publications (2) (3). The code solves the non-linear conservation equations by using finite differences in time and space in equations (11.1)-(11.4), (11.8), and (11.9). The method of integration is that developed by Tong et al. analysis. It can be seen that the stability boundary power becomes very large at zero by-pass ratio. This is consistent with standard critical heat flux tests which are done without by-pass and normally exhibit no significant flow osallations.
COMPARISON TO EXPERIMENTAL R E S U L T S
The results from the computer code have been compared to the experiments of Collins and Gacesa (5). As the experiments are described fully in references (5) and (6), only a brief description is given here.
Experimental loop
The experiments were done on the SWIFT loop at Canadian Westinghouse Company. The loop delivers subcooled water to a test section-by-pass combination similar to that shown in Fig. 11.1 . The test section was geometrically similar to a 19-rod bundle reactor coolant channel with the fuel rods simulated by electrical heaters. Geometrical details are given in 
Experimental results
For all experiments the required test section flow, inlet temperature, pressure, and feeder valve positions were set initially. Power was then increased by increments until stable or periodic dry-out occurred on one or more of the heaters. The total flow was held constant, and the mean by-pass and test section flows were maintained constant throughout the test by adjusting the by-pass valve. Two significant powers were associated with each flow oscillation: the threshold of periodic dry-out (TPD) was defined as the lowest power at which resonant flow oscillations were sufficiently severe to make dry-out occur periodically at the low flow portion of the cycle; the threshold of flow oscillation (TFO) was defined as the power at which oscillations at the resonant frequency were first observed in the flow trace. The former is easily distinguished from the flow trace but detection of the latter is more subjective.
Basis for comparison
The computer code gives the stability boundary; that is, the power at which a further perturbation generates a continuously diverging oscillation. This is normally analogous to the experimental TPD, because if a diverging oscillation is permitted to persist in an experiment the minimum flow eventually becomes low enough for periodic dry-out to occur. In certain tests a small amplitude, non-diverging oscillation was sufficient to produce periodic dry-out. The TPD power in such cases is obviously below the stability threshold, but as all tests were terminated at TPD this power is the best available estimate of threshold power.
Comparison of results
The power at stability boundary from the computer code is compared to experimental TPD powers from reference (5) in Table 11 In Fig. 11 .3, computed stability thresholds are compared to experimental TPD powers at nominal mass velocities of 0-3, 0.5, and 0.8 x lo6 Ib/ft2 h. In all cases the computed stability threshold is lower than experimental power, and the variation of power with by-pass ratio is tho same. For comparison, the stability threshold computed at constant pressure drop is also shown. A comparison is made in Fig. 11 .6 of the power at incipience of oscillation (experimental TFO) and the computed stability threshold. Again the effect of by-pass ratio is apparent, but the difficulty in consistently extracting the TFO power from the flow trace has caused some scatter of the experimental results. Both experiment and analysis show that the stability boundary is strongly affected by the by-pass characteristics. An examination of equation (11.26) shows that stability depends specifically on by-pass inertia and loss factor. The experimental programme so far has investigated only the effect of changing by-pass ratio by varying the by-pass control valve. By-pass ratio may also be varied at constant flow by controlling either feeder valve. It is therefore important to recognize by-pass ratio as a dependent variable; the individual loss coefficients in the feeders and by-pass are independent variables. This concept proves useful in explaining apparent anomalies in previous experiments. Before the by-pass equations were incorporated, the POISE programme was used in comparison with similar experiments at Columbia University (7). The constant pressure drop programme showed a far greater variation of stability with outlet feeder throttling than was shown by the experiments (8). As these experiments were also conducted at quite low by-pass ratios, an increase in outlet throttling at constant total flow would tend to reduce the flow, and additional by-pass throttling is therefore required to maintain channel flow and by-pass ratio. The destabilizing effect of the exit throttle has been partially offset by the increase in by-pass resistance. In the constant pressure drop case there is, of course, no such reaction and the outlet throttle consequently has greater effect.
The present comparisons show that the computer code always provides a conservative estimate of the power at which diverging oscillations occur, while the power at which incipient oscillations first appear is roughly comparable to computed power. At large by-pass ratios both the limiting value of T F O power and the computed power approach the stability boundary computed for constant pressure drop, while the TPD power converges to a higher asymptote.
The code computes an oscillation frequency consistently higher than the experimental value. Examination of noted in comparison with the Columbia University experiments. However, when the programme was compared to experiments using annuli and tubes, much better agreement in frequency was obtained (3). The model can deal only with a channel of specified area, wetted perimeter, and heated perimeter, and this is probably sufficient for a simple cross-section geometry. However, in the multi-rod bundles used in the Columbia and SWIFT experiments, exchange of flow between the various interconnected flow passages may significantly affect oscillation frequencies.
It was not possible to extract sufficient information on the variation of frequency with by-pass ratio from the experiments. Fig. 11.2 shows that the computed variation of frequency with by-pass ratio is a small effect compared to the variation of power, and experimental results show considerable scatter.
T H E PARALLEL HEATED CHANNEL CASE
Calculations using the POISE code show that if two or more heated channels are used in parallel, instead of a single heated channel with an unheated by-pass, the stability power does not strongly depend on the number of channels. The two-channel case is the most stable, but the ratio of threshold power with two channels to the constant pressure drop power is below 1.2. This is supported by the good agreement observed when the constant pressure drop version of the code was compared to experiments in a rig using three parallel channels (3).
CONCLUSIONS
The finite unheated by-pass does not accurately simulate the dynamic effect of the remaining heated channels on a particular reactor coolant channel, because overall pressure drop is not independent of channel disturbances at low by-pass ratio.
The relationship of stability threshold with by-pass resistance is of an exponential form. Stability threshold power approaches the constant pressure drop value at high by-pass ratios and becomes very high at zero by-pass ratio.
A computer programme originally used to predict stability threshold at constant pressure drop has been modified to include the effect of by-pass characteristics and the results agree well with experimental evidence.
Experiments using a finite by-pass in parallel with a heated test section may now be extrapolated to the multiheated channel, constant pressure drop reactor case by using a computed relationship between by-pass ratio and stability threshold. These may now be inserted into equations 
